ABSTRACT: Increasing the albedo of urban surfaces has received attention as a strategy to mitigate urban heat islands. Here, the effects of globally installing white roofs are assessed using an urban canyon model coupled to a global climate model. Averaged over all urban areas, the annual mean heat island decreased by 33%. Urban daily maximum temperature decreased by 0.6°C and daily minimum temperature by 0.3°C.
Introduction
An analysis by Akbari et al. [2009] indicated that increasing the albedo of urban roofs and pavements globally could produce a negative radiative forcing equivalent to a 44 Gt CO 2 emission offset. This is equivalent to offsetting the effect of the growth in CO 2 -equivalent emission rates for the next 11 years. It was also noted that potential energy savings may be realized due to a reduction in the amount of energy consumed by air conditioning to cool buildings. The effects of increasing the albedo of cities on nearsurface climate, in particular air temperature, were not addressed.
Surfaces with higher albedo reflect more solar radiation, thereby decreasing surface temperature and heating of the surrounding air. Several studies have quantified the ability of increases in albedo to mitigate the urban heat island and decrease cooling 2 energy use. Generally, these have been conducted with mesoscale weather models applied to individual cities using large-scale albedo changes (i.e., changing the albedo of entire cities). Sailor [1995] showed that increasing the albedo in Los Angeles decreased peak summertime temperatures by as much as 1.5°C. Taha et al. [1999] showed that large-scale increases in surface albedo for ten cities in the U.S. reduced the near-surface daytime summer air temperature by 0.5 to 1.5°C and decreased peak electricity demand by up to 10%. Synnefa et al. [2008] found that large-scale increases in roof albedo decreased the summer heat island intensity in Athens, Greece by 1-2°C on average.
Here, we examine the impact of an increase in roof albedo on near-surface urban climates using an urban canyon model coupled to a global climate model. The primary purpose of the urban canyon model is to provide an estimate of near-surface air temperature for urban areas, which is where most people live. Although the influence of urban areas on large-scale climate is small, a coupled modeling approach allows assessment of the impacts of changing climate on urban populations and exploration of climate change mitigation options. The purpose of this study is to highlight issues with heat island mitigation using white roofs and to identify what processes must be considered when evaluating the effectiveness of this urban heat island mitigation method.
The canyon model allows us to make changes in roof albedo only, rather than citywide changes. In contrast to Akbari et al. [2009] , who increased the albedo of roofs and pavement, we modified only roof albedo because roofs comprise about 40% of the global urban horizontal surfaces in the model while the impervious pavement is only about 15% of the urban surface [Jackson et al., 2009] . Thus, changing roof albedo should have the largest impact on near-surface urban climate. The urban model also estimates large-scale 3 space heating and air conditioning (HAC) fluxes by controlling internal building temperatures within specified comfort levels. The effect of increased albedo on these fluxes is also quantified.
Data and Methods
The urban canyon model CLMU [Oleson et al., 2008a, b] is coupled to the Community Land Model version 3.5 [CLM3.5; Oleson et al., 2008c] and the Community Atmosphere Model version 3.5 [CAM3.5; Neale et al., 2008] , which are the land and atmospheric components of the Community Climate System Model (CCSM) [Collins et al., 2006] . The canyon system consists of roofs, walls, and canyon floor. Walls are divided into shaded and sunlit components. The canyon floor is divided into pervious (greenspace) and impervious (pavement) fractions. The urban components are arranged in an "urban canyon" configuration [Oke, 1987] in which the canyon geometry is described by building height and street width. The boundary conditions for heat transfer within roofs and walls are determined by an interior building temperature held between prescribed minimum and maximum temperatures, thus explicitly resolving HAC fluxes.
Sources of waste heat from inefficiencies in the HAC systems are incorporated as terms in the canyon energy budget. The heat and moisture fluxes from each surface (including the roof) interact with each other through a bulk air mass that represents air in the urban canopy layer. The urban model produces turbulent, momentum, and radiative fluxes which are area-averaged with fluxes from non-urban surfaces (e.g., vegetation and lakes) to supply grid cell averaged fluxes to the atmospheric model. The version of CLMU used here is the same as in Oleson et al. [2008a] but with improvements to the pervious greenspace hydrology and a revised treatment of HAC and waste heat fluxes that results in a more stable numerical solution (see Text S1 in auxiliary materials).
Urban areas are prescribed from a dataset of present day urban extent and urban properties [Jackson et al., 2009] . In the dataset, urban extent for four density classes was derived from the LandScan 2004 population density dataset [Dobson et al., 2000] . For each of 33 regions across the globe, thermal (e.g., heat capacity and thermal conductivity), radiative (e.g., albedo and emissivity), and morphological (e.g., height to width ratio, roof fraction, average building height, and pervious fraction of canyon floor)
properties of the roof/wall/road system are provided. Building interior minimum and maximum temperatures are based on climate and socioeconomic considerations. Urban extent in these simulations is the sum of three density classes: tall building district, high density, and medium density. Urban properties are from the dominant density type by area, which is almost exclusively medium density (see Figure S1 in auxiliary materials).
Two climate simulations were run from 1941 to 1999 at a spatial resolution of 1.9° latitude by 2.5° longitude. Sea surface temperatures, sea-ice, and greenhouse gases (CO 2 , CH 4 , N 2 O, and CFCs) are prescribed for 1941-1999 from an IPCC Fourth Assessment Report [IPCC, 2007] 20 th century CCSM3 ensemble member. The first simulation (CON) is a control that uses the standard urban surface dataset described above. The second simulation (ALB) increases the albedo of roofs to 0.9, the maximum albedo of a white coating covering an entire roof [Energy Star, 2008] . This albedo could not be practically achieved due to aging effects, obstructions and openings on the roof surface (e.g., heating and cooling vents), and logistical and financial considerations. However, the purpose here is to provide a large perturbation to the model to assess the relative importance of roofs in the global urban energy budget.
In addition, three 10-year global offline (i.e., uncoupled from the atmospheric model) simulations were performed. The first (CON_O) and second (ALB_O) simulations were configured the same as the CON and ALB simulations except that atmospheric forcing for both simulations was provided by repeating year 2000 from the Qian et al. [2006] meteorological dataset as described by Oleson et al. [2008c] . These two simulations isolate the effects of white roofs under identical atmospheric forcing derived from reanalysis products. This provides an assessment of the effects of internal variability and biases in the coupled model climate on the results. The third simulation (CON_O_NHAC) is the same as CON_O except that HAC and waste heat fluxes are excluded to illustrate the influence of these fluxes on the heat island under identical atmospheric forcing.
Results
Because of the coarse spatial resolution of these simulations, the urban fractions within the model grid cells are small and there are no statistically significant changes in grid cell average surface climate caused by the increase in roof albedo (not shown).
Modification to roof albedo primarily affects the near-surface urban climate. The urban heat island is defined at each model grid cell containing urban area by comparing the air temperature in the urban canopy layer to the 2-m air temperature from the "rural" surfaces (i.e., the vegetated and bare soil surfaces) in the grid cell. Increasing the roof albedo decreases the annual mean heat island in nearly every grid cell that has urban area ( Figure 1 ). Averaged over all urban areas resolved in the model, the annual mean heat 6 island in the CON simulation is about 1.2°C. This is decreased by about 33% to 0.8°C in the ALB simulation.
An example of how the increase in roof albedo affects the urban energy budget and the urban-rural contrast in air temperature is shown in Figure 2 . The grid cell illustrated here includes New York City. The urban-rural contrasts in air temperature and energy balance in the control simulation are typical of how the model represents these surfaces.
Urban and rural air temperatures are similar during early morning hours, but a heat island begins to develop mid-morning and intensifies during the late afternoon as the rural area cools more rapidly than the urban area. The maximum heat island occurs near sunset (4.3°C). The urban latent heat flux is substantially less than the rural during daytime, which contributes to warmer urban temperatures. The urban area stores significantly more heat during the day and releases it later in the day and at night, thereby maintaining a near-zero or positive sensible heat flux at all times which keeps the urban area warmer than the rural.
There is little change in the atmospheric forcing in the ALB simulation compared to the CON simulation for this particular grid cell, and so the rural energy balance and air temperature are nearly unchanged in the two simulations (Figure 2 In the example shown in Figure 2 , the main effect of an increase in roof albedo is to reduce urban daytime maximum temperature more than nighttime minimum temperature.
This behavior is consistent from a global perspective as well. Averaged over all urban areas, the reduction in urban daily maximum temperature ( 0.56 °C) is about twice that of the reduction in daily minimum temperature ( 0.26 °C). This results in a decrease in the urban diurnal temperature range of 0.3 °C.
There is large spatial variability in the change in heat island (Figure 1 At northern latitudes in boreal winter, the increase in roof albedo is less efficient at reducing the heat island. In particular, the heat island is unchanged or even larger in the ALB simulation in northern Europe and Eurasia (Figure 1 ). In contrast, the boreal summer heat islands in these regions are reduced by 0.5°C or more. In large part this is due to low incoming solar radiation, which makes the increase in roof albedo less effective at reducing urban temperatures. The increase in roof albedo is also likely less effective because of the influence of snow, which has relatively high albedo. The model's representation of space heating also plays a role. At these latitudes the winter urban heat island is partially maintained by space heating that is necessary to keep the building interior temperature above a minimum comfort level. This is demonstrated in Figure 3a , which compares the heat island in the offline CON_O and CON_O_NHAC simulations. At latitudes north of 20°N, the inclusion of space heating and associated waste heat significantly increases the heat island (Figure 3a ). In the ALB simulation, the high roof albedo reduces heat conduction into the building interior, and space heating therefore increases to maintain the interior building temperature (Figure 4 ). Similar behavior can be seen in southern hemisphere winter south of 20°S, where the reduction in the heat island is generally smaller than in summer due to an increase in space heating.
Some of the increase in the boreal winter heat island in northern Eurasia is also due to differences in atmospheric temperature between the two simulations because of internal variability in the atmospheric model. Even though there are no statistically significant changes in atmospheric temperature, the ALB simulation has temperatures that are 0.4-1.6°C colder than the CON temperatures in this region (not shown). This change in atmospheric temperature cools both rural and urban near-surface air temperatures.
However, the rural temperature cools more than the urban temperature because the space heating increases in the urban area. This contributes to a slightly larger heat island in the ALB compared to the CON simulation. In comparison, the atmospheric temperatures are identical and the northern Eurasia heat island is nearly unchanged in the offline 
Conclusions
These results suggest that increasing the albedo of roofs is an effective way of reducing the urban heat island. The degree to which the heat island decreases depends on the importance of roofs relative to the rest of the urban system (i.e., building walls and canyon floor) in generating the heat island. This approach to heat island mitigation is less effective in winter at higher latitudes. At these latitudes, any benefits gained from a reduction in the summertime heat island need to be considered in the context of increased heating costs in winter. Increasing the albedo of roofs is also less effective for thin roofs constructed with high thermal admittance materials because these roofs have low storage capacities. Globally, white roofs cause a net increase in HAC fluxes due to a larger increase in space heating than decrease in air conditioning flux. As air conditioning more thoroughly penetrates the global market, however, white roofs might be expected to play a larger role in reducing this flux. 
